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Abstract 17 
A novel nanoparticle (NP) delivery system was designed for encapsulation of bioactive compounds 18 
for which quercetin was used as a model. A combination of almond gum (AG) and shellac as 19 
biopolymers using the antisolvent method was employed to fabricate the NPs. The influence of 20 
several significant preparation factors was investigated. Bare shellac particles showed extreme 21 
aggregation when exposed to pH 1.2 (gastric acid conditions), whereas the colloidal system 22 
containing 0.7% AG was capable to form NPs with particle size of 197nm with no sign of physio-23 
chemical instability at pH 1.2 and with an encapsulation efficiency (EE) of 78%. Addition of small 24 
amounts of polysorbate 80 and Quillaja Saponin led to a drastic decrease in particle size to 90 and 25 
116nm, respectively, with an encapsulation efficiency higher than 98%. The morphology 26 
characterization of the NPs with Cryo-SEM revealed that most NPs were spherical with rough 27 
surfaces, indicating that AG adsorbed onto the shellac surface as was also reflected by electrokineic 28 
measurements. DSC and FTIR analyses indicated that inclusion of quercetin within the NPs 29 
coincided with a transition from the crystalline to the amorphous state. 30 
To conclude, this study presented the formulation of promising nanocarriers applicable not only in 31 
the food but also in the pharmaceutical industry. 32 
Keywords: biopolymer nanoparticles, almond gum, shellac, quercetin, polysorbate 80, antisolvent 33 
precipitation.    34 
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1. Introduction 35 
In recent years, biopolymer nanoparticles (NPs) have attracted great attention as a promising carrier 36 
system for targeted delivery of functional ingredients (e.g. polyphenols or phytosterols) or 37 
micronutrients (i.e. vitamins and minerals) due to their biodegradability and biocompatibility 38 
(Debele, Mekuria, & Tsai, 2016). Generally, NPs are colloidal structures with a size less than 39 
1000nm providing a high surface to volume ratio (Liu, Jiao, Wang, Zhou, & Zhang, 2008). 40 
Typically, these NPs may be utilized to control the release of macro- and micronutrients in the 41 
gastro-intestinal tract (GIT) (Arroyo-Maya & McClements, 2015). Thus, it is necessary to design an 42 
efficient delivery system for oral delivery in order to remain stable when exposed to instabilizing 43 
conditions within the GIT (pH and matrix effect). A sufficient physiochemical stability is also 44 
required during production, processing and storage, i.e. when exposed to thermal, pH, oxygen, light, 45 
and enzymatic conditions (Chen, Remondetto, & Subirade, 2006) .  46 
There has been a growing demand within different industries, particularly the food industry, for new 47 
and food grade biopolymers. The novel edible hydrocolloid almond gum (AG) is a natural exudate 48 
from the bark of almond trees grown in hot and dry areas, which can be found mostly in Iran 49 
(Abbasi, 2017; Rezaei, Tavanai, & Nasirpour, 2016). It has been attracting attention due to its 50 
potential capabilities to improve the stability, texture, and delivery as well as biodegradability, cost-51 
effectiveness and water absorption capacity (Abbasi, 2017; Dabestani, Kadkhodaee, Phillips, & 52 
Abbasi, 2017; Rezaei, Nasirpour, & Tavanai, 2016). Generally, there are two well known types of 53 
almond gum collected from different tree resources, called almond gum and Persian gum (Zedo, 54 
Farsi, Zodou), which have roughly similar compositions (Khalesi, Emadzadeh, Kadkhodaee, & Fang, 55 
2016; Rezaei, Nasirpour, et al., 2016). Whereas the latter can be obtained from bitter almond trees of 56 
Amygdalus scoparia (Fadavi, Mohammadifar, Zargarran, Mortazavian, & Komeili, 2014), in this 57 
research, the former, which is an exudate collected from the trunk of Amygdalus communis L. trees 58 
(sweet almond trees) was utilized (Rezaei, Nasirpour, et al., 2016). Whereas AG consists of two 59 
fractions, i.e. a water soluble (>75%) and insoluble, only the water soluble fraction was employed to 60 
form the NPs. Typically, AG gum is classified as arabinogalactan polysaccharide and its major 61 
constituents were reported previously to include arabinose, galactose, xylose, and uronic acid  62 
(Rezaei, Nasirpour, et al., 2016). AG was utilized in this study as a novel source of biopolymer with 63 
several advantages over conventional polymers such as pectin, xanthan, and sodium alginate, which 64 
are widely used (Nikbakht Nasrabadi, Goli, & nasirpour, 2016). For instance, AG has a 65 
straightforward production method with a sustainable source and relatively cheap price as compared 66 
to the abovementioned biopolymers.    67 
There has been also an increased interest for shellac, a natural and biodegradable resin secreted from 68 
Kerria lacca insects, as a constituent of potential delivery systems for biomedical compounds (Patel, 69 
Heussen, Hazekamp, & Velikov, 2011). This food additive (E904) mostly consists of aliphatic and 70 
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acyclic acids including aleuritic acid and terpenic acid (Morales, et al., 2017; Patel, et al., 2011). 71 
Despite of the fact that shellac is sparingly soluble in water at pH < 7, it can be dissolved in water at 72 
pH > 7 using an appropriate base (Cui, et al., 2014; Kraisit, Limmatvapirat, Nunthanid, Sriamornsak, 73 
& Luangtana-anan, 2013; Sun, et al., 2017). It means that if a sensitive compound is encapsulated 74 
within the shellac as a core material, one would expect that most of the compound would remain 75 
within the core material at pH values lower than 7 due to the pH sensitivity of shellac solubility. 76 
Therefore, this characteristic can be exploited to formulate a delivery system, which is going to be 77 
broken down and dissolve in the small intestine in which the pH is around 7.4. Under this condition, 78 
the incorporated compound within shellac as the core material will be released. Several studies 79 
previously proved that shellac has water solubility at pH > 7 and is suitable for colonic targeting of 80 
protected substances (Farag & Leopold, 2011; Patel, et al., 2011; Patel, Heussen, Hazekamp, Drost, 81 
& Velikov, 2012; Patel, et al., 2013; C. Yang, et al., 2017). Although shellac is considered as an acid 82 
resistant compound, aqueous solutions present severe aggregation at pH 1.2, which limits its 83 
utilization as an oral delivery system (Patel & Velikov, 2012). In fact, shellac is known to interact 84 
with hydrophilic polymers such as xanthan gum, pectin and cellulose derivatives based on non-85 
covalent interactions, which is attributed to the main component of shellac (hydroxy aliphatic fatty 86 
acid-aleuritic acid) (Patel, et al., 2013).  87 
Liquid antisolvent precipitation has been widely employed to form fine NPs (Dalvi & Dave, 2009; 88 
Davidov-Pardo, Joye, & McClements, 2015; Hao, et al., 2015; Hu & McClements, 2015; Joye, 89 
Davidov-Pardo, & McClements, 2015; Joye & McClements, 2013). Typically, a solution of a 90 
hydrophobic compound dissolved in an organic solvent is added to an aqueous phase containing 91 
hydrophilic (bio)polymer(s), which induces supersaturation of the (bio)polymer(s) and thereby the 92 
driving force for nucleation and formation of particles (Davidov-Pardo, et al., 2015). Composite NPs 93 
consisting of an active compound and one or more excipients (polymers or surfactants) can be 94 
created using this preparation method, which consists of three major steps: i) generation of 95 
supersaturation, ii) nucleation, and ii) crystal growth (growth of nuclei) (Cao & Wang, 2011). 96 
Supersaturation can be explained as the ratio of the actual solute concentration (C) over the 97 
equilibrium solute solubility (Ceq) (Thorat & Dalvi, 2012): 98 
Equation 1 99 
S = (C/Ceq) 100 
 The Gibbs free energy changes during supersaturation determine whether nucleation will proceed or 101 
not. The energy barrier is given as: 102 
Equation 2 103 
ΔG = 


	
	()	
 104 
where γ is the surface tension, k is the Boltzmann constant, T is the absolute temperature, VS is the 105 
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molar volume, and S is the supersaturation. Thus, a lower interfacial tension at the particle-solution 106 
interface and a higher supersaturation can decrease this energy barrier, and thereby faster nucleation 107 
will occur leading to formation of smaller particles (Joye, et al., 2013; Kakran, Sahoo, Tan, & Li, 108 
2012).  109 
Quercetin (3,3',4',5'-7-pentahydroxyflavone) is a naturally occurring bioflavonoid found mainly in 110 
vegetables, fruits, and herbs (Lu, Ho, & Huang, 2017; Zheng, Haworth, Zuo, Chow, & Chow, 2005). 111 
There has been a great demand for this compound because of its powerful health benefits such as 112 
anticancer, antioxidant, and antiviral properties (Huber, Vasantha Rupasinghe, & Shahidi, 2009; 113 
Muhammad, Praseptiangga, Van de Walle, & Dewettinck, 2017; Qi, Jiang, Cui, Zhao, & Zhou, 114 
2015). However, its exploitation has been limited due to its poor water-solubility as well as UV 115 
instability, low oral bioavailability, and possible chemical degradation (Wu, et al., 2008). In order to 116 
improve its stability and oral bioavailability, encapsulation in a delivery system may offer a solution 117 
for protection and targeted delivery of this type of compounds (Puligundla, Mok, Ko, Liang, & 118 
Recharla, 2017). In situ studies showed that the main absorption segment of quercetin is the intestine 119 
(ileum and colon) (Li, et al., 2009). Thus, we utilized quercetin as a model bioactive compound to 120 
assess the potential encapsulation capabilities of the created NPs. 121 
To the best of our knowledge, there is no work on the NP formation ability of almond gum prepared 122 
using the antisolvent precipitation method. Thus, the purpose of this study was to design and develop 123 
a novel core/shell colloidal delivery system using a hydrophilic biopolymer (almond gum) and a 124 
hydrophobic compound (shellac) for encapsulation of functional ingredients, in this case quercetin. 125 
The influence of several important preparation parameters including solute concentration, solvent to 126 
anti-solvent ratio (SAS), and surfactant incorporation that can affect the formation and particle size 127 
of NPs, was explored (D'Addio & Prud'homme, 2011; Matteucci, Hotze, Johnston, & Williams, 128 
2006; Yadav & Kumar, 2014; Zhao, Wang, Wang, Chen, & Yun, 2007). The comparison between 129 
natural (Quillaja Saponin) and commonly used (Polysorbate 80) surfactants as well as sucrose 130 
monopalmitate in the formation of smaller NPs was performed. Moreover, the physiochemical 131 
stability of the formed colloidal systems against simulated stomach pH (1.2), elevated temperature, 132 
and long-term storage was established. Finally, FTIR and DSC experiments were performed to 133 
investigate the possible interaction and crystallinity behavior of quercetin. 134 
This study provides practical and valuable information about the new application of AG as a novel 135 
hydrocolloid for the production of NPs applicable in the food and pharmaceutical industries.  136 
2. Materials and methods  137 
2.1. Materials 138 
Quercetin (≥ 95%), polysorbate 80 (PS 80), dimethyl sulfoxide (DMSO, (≥ 99.5%)), and sodium 139 
azide (≥ 99.5%) were purchased from Sigma-Aldrich Co.. Almond gum was bought from Sepahan 140 
Nano-Food Co. (Isfahan, Iran). The provided sample had a white colour and a uniform size and was 141 
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collected from similar types of trees (Amygdalus communis L.). Shellac powder (SSB-55 PHARMA 142 
FP) with a particle size of 95%	≤100µm was kindly donated by SSB Stroever GmbH & Co. KG 143 
(Bremen, Germany). Sucrose monopalmitate (SMP) (P-1570) was provided by Acatris Inc. 144 
(Belgium). Quillaja Saponin (QS) was generously provided by Ingredion (UK). Ultrapure water 145 
purified by a Milli-Q filtration system (0.22µm) (Millipore Corp., Bedford, MA, USA) was used for 146 
the analyses and preparation of all aqueous solutions.  147 
2.2. Extraction of AG and proximate analyses 148 
AG was pulverized using a ball mill (Retsch, PM400, UK) for 30 min at 14 ×g to create a powder 149 
with a particle size smaller than 250µm. For the separation of the water-soluble from the insoluble 150 
fraction, a 4% stock solution in Milli-Q water was prepared and left on stirring for 4h at ambient 151 
temperature (20°C). The mixture was kept at 4°C overnight for complete hydration. This mixture 152 
was centrifuged at 20000rpm for 40min at 25°C and the clear solution on top was collected gently 153 
followed by the addition of 0.02% sodium azide to prevent microbial growth. This solution was kept 154 
at 4°C for further experiments. The dry matter concentration of this solution was determined from 155 
the mass obtained by placing 10ml at 105°C overnight.  156 
Fat, moisture, and ash were determined based on the method of the Association of Official Analytical 157 
Chemists (AOAC 1997). The protein content was measured using the Kjeldahl method (AOAC 158 
1990) with a conversion factor of 6.25 (Srichamroen & Chavasit, 2011). The carbohydrate content 159 
was estimated by subtracting the amounts of other components from 100%. The experiments were 160 
performed in triplicate and the average ± standard deviation (STD) are reported.  161 
2.3. NPs preparation  162 
In order to fabricate the NPs, a stock shellac solution of 2 %w/v (unless stated differently) with or 163 
without quercetin (0-0.15%) in ethanol (Absolute grade, VWR, Belgium) was prepared. The mixture 164 
was left for one hour to be stirred. The aqueous solution of water-soluble AG fraction was prepared 165 
at a concentration of 0.7% (unless stated differently). The NPs were prepared by dropwise addition 166 
of the ethanol solution into the aqueous phase at an ethanol to aqueous phase volumetric ratio of 1:3 167 
(unless stated differently) by means of a syringe while the mixture was stirred at 1000rpm at ambient 168 
temperature (20°C). It means that the final concentration of shellac was 0.67%. Finally, ethanol was 169 
evaporated using a rotary evaporator (IKA, RV 10, Belgium) in a water bath of 50 ± 1°C.  170 
2.3.1. Influence of solute compound concentration 171 
 The influence of AG concentration (0.1-2.5 %w/v) was studied at fixed shellac conditions of 0.67% 172 
whereas the effect of shellac content (0.5-4%) at a fixed AG concentration of 0.7% was established.  173 
2.3.2. Influence of solvent to antisolvent ratio (SAS) 174 
The influence of solvent to anti-solvent ratio of 2:1 to 1:20 on visual appearance and particle size 175 
changes of the NPs containing 0.7% AG and 0.67% shellac was investigated. 176 
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2.3.3. Impact of surfactant addition 177 
Surfactant type and concentration (0.01-0.1%w/v) for the sample with 0.5% AG and 0.67% shellac 178 
was investigated in terms of visual appearance and particle size changes. 179 
2.3.4. Acidic pH (pH 1.2) stability 180 
In order to find the optimum AG concentration that prevents the aggregation of shellac particles at 181 
pH 1.2, the influence of the pH on the visual appearance of the plain NPs containing 0.67% shellac at 182 
different AG concentrations (0-2.5%) was evaluated. The colloidal NPs were diluted in Milli-Q 183 
water and the pH adjusted with the HCl solution to 1.2. 184 
The particle size variation as well as visual appearance of the formulations containing 0.7% AG for 185 
the sample prepared without surfactant and 0.5% AG for the NPs with the surfactants (SMP, PS 80, 186 
and QS) (0.1%) at pH 1.2 and 6.6 were compared. The studied NPs in this section had 0.67% shellac 187 
content. To this end, the colloidal dispersions were diluted in Milli-Q water and the pH adjusted with 188 
the HCl solution to 1.2 prior to size measurements. 189 
2.4. Characterization of NPs 190 
2.4.1. NP yield 191 
The yield of particles, the percentage of the fabricated particles relative to the mass of all 192 
constituents, was determined according to the method reported previously by Hu and McClements 193 
(2015) with minor modifications. In brief, the formed NPs were centrifuged (to remove any larger 194 
particles) at 4000rpm for 20min at 20°C. The supernatant was gently collected and lyophilized using 195 
a freeze-drier (Alpha 1-2 LD plus, Christ). The yield was calculated using the following equation: 196 
Equation 3 197 
Nanoparticle yield (%) = 			 !
  	"		! #	!  $ 
× && 198 
2.4.2. Encapsulation efficiency (EE) 199 
The encapsulation efficiency of quercetin in the NPs was determined using UV-spectrophotometry 200 
(UV-Vis 1600, VWR) at 380nm. Firstly, standard curve was generated by considering a dilution 201 
series of concentrations 5-50 µg quercetin /ml dissolved in DMSO as a solvent (R2 = 0.9998).  202 
The EE was measured using a method previously reported with some modifications (Davidov-Pardo, 203 
et al., 2015). Briefly, a certain amount of sample was placed in centrifugal filter tubes (Amicon 204 
ultracel-10K 15ml, Millipore, Cork Ireland) and centrifuged for 30 min at 3076 ×g. The filtrate and 205 
the NPs on the filter were diluted in DMSO prior to reading the absorbance at 380nm. The NP 206 
sample without quercetin was used as blank. 207 
2.4.3. Size measurement 208 
The particle size distribution of the samples was measured using Photon Correlation Spectroscopy 209 
(Model 4700, Malvern Instruments, U.K.) at a scattering angle of 150° at 25°C. The colloidal system 210 
was diluted prior to analysis with an appropriate solution (at pH 1.2 or Milli-Q water) to avoid 211 
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multiple scattering. The light intensity correlation function was analyzed based on the CONTIN 212 
method whereas the z-average diameter values and polydispersity index (PDI) were obtained by 213 
cumulant analysis. 214 
2.4.4. Zeta-potential (ζ) determination 215 
The surface charge properties of the NPs (zeta potential (ζ)) were determined using a Zetasizer 2c 216 
(Malvern Ltd, UK). The samples were diluted prior to analysis to avoid multiple scattering. Each 217 
value is the average of 3 runs at 25°C. 218 
2.4.5. NP morphology 219 
A Cryo-SEM (JSM-7100 F TTLS LV TFEG-SEM, Jeol Europe, Belgium) equipped with a PP3000T 220 
device (Quorum Technologies, East Sussex, UK) was employed to characterize the fabricated NPs. 221 
The selected sample containing 0.7% AG, 0.67% shellac, and 0.05% quercetin was lyophilized using 222 
a freeze-drier (Alpha 1-2 LD plus, Christ) prior to SEM analyses. A small amount of sample was re-223 
dispersed in Milli-Q water and placed on a copper grid. The sample was frozen in a nitrogen slush (-224 
190°C) followed by fracturing. Then, it was sublimated and sputter coated with platinum prior to 225 
photograph recording. The morphology of the particles was analyzed at 8kV and with two different 226 
magnifications (×15000 and ×50000). 227 
2.5. Differential scanning calorimetry (DSC) 228 
DSC analyses of pure compounds (AG, shellac, and quercetin), physical mixtures of the pure 229 
compounds (the mass ratio of almond gum: shellac: quercetin was similar to the quercetin loaded 230 
NPs (1:1:0.07)), bare and quercetin (0.05%) loaded NPs (containing 0.7% AG and 0.67% shellac) 231 
were performed using a DSC Q-1000 (TA Instruments, New Castle, USA). AG solution, plain NPs, 232 
and quercetin loaded NPs were lyophilized using a freeze-drier (Alpha 1-2 LD plus, Christ) prior to 233 
analyses. Each sample was placed inside a hermetic pan and heated from 40 to 340°C under 234 
continuous purging of nitrogen at a heating rate of 5°C/min. A blank sealed pan was utilized as 235 
reference. The instrument was calibrated with indium, azobenzene and undecane for melting 236 
enthalpy and temperature. 237 
2.6. Fourier transform infrared spectroscopy (FTIR)  238 
Chemical structure changes of the freeze-dried quercetin fortified NPs prepared with 0.7% AG, 239 
0.67% shellac, and 0.05% quercetin as well as a physical mixture of AG-shellac-quercetin (with 240 
mass ratio similar to the quercetin loaded NPs (1:1:0.07)), and pure quercetin were evaluated using 241 
Fourier transform infrared spectroscopy technique (Shimadzu IR Affinity-1, Kyoto, Japan). The 242 
FTIR spectra were recorded in a wavenumbers range of 4500-400cm-1 and a 4cm-1 resolution with 20 243 
scans. The spectra were analyzed using LabSolutions IR software (V2.15, 2016). 244 
2.7. Thermal and long-term stability 245 
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The elevated temperature and long-term stabilities of the NPs containing 0.7% AG, 0.67% shellac, 246 
and quercetin (0.05%) were evaluated. The particle size changes at elevated temperature were 247 
monitored by placing the sample inside a water bath at 90°C for 20min followed by cooling down in 248 
an ice-water bath to reach the ambient temperature. In order to study the long-term stability of the 249 
NPS, the samples were stored at room temperature (20°C) in a dark environment and the particle 250 
diameter was measured periodically (day 0, 2, 4, 12, 21).  251 
2.8. Statistical analysis 252 
The results are reported as mean ± standard deviation (STD) and for each experiment fresh samples 253 
were prepared. Mean differences were statistically analyzed by one-way analysis of variance 254 
(ANOVA) with Duncan's post hoc test (P<0.05) using SPSS 23.0 (SPSS Inc., USA). The 255 
Independent t-test was performed to compare the means of particle size resulted from two different 256 
treatments. 257 
3. Results and discussion 258 
If a carrier system is meant to deliver a desired compound by entrapment within its structure to the 259 
intestines, it is crucial to survive not only from light, heat treatment, and oxidation but also from the 260 
harsh acidic conditions of the stomach. Shellac NPs are greatly susceptible to aggregation at pH 1.2, 261 
which was selected as a stomach pH representative. This effect limits the utilization of shellac as an 262 
oral delivery system. Therefore, we attempted to fabricate NPs with higher stability using the natural 263 
hydrocolloid almond gum. As mentioned in the introduction section, AG consists of a water soluble 264 
and insoluble fraction. The chemical constituents of the water soluble fraction were as follows: 0.9 % 265 
± 0.05 ash, 0.15% ± 0.03 fat, 0.11% ± 0.00 protein, 3.84% ± 0.1 moisture, and 95% ± 1% total 266 
carbohydrate. These results were consistent with the amounts previously reported (Rezaei, 267 
Nasirpour, et al., 2016). In screening experiments, we found that a combination of these two 268 
biopolymers using the antisolvent precipitation method can form NPs with no sign of visual 269 
instability when exposed to very low pH values.  270 
Thus, the influence of some significant parameters on the visual appearance, particle size, and 271 
physiochemical stability of the particles was investigated.  272 
3.1. Influence of solute compound concentrations 273 
Initially, the production of mixed biopolymers was conducted at different AG and shellac 274 
concentrations to investigate their influence on the particle size of the formed NPs. In the absence of 275 
AG, shellac NPs had a z-average particle size of 59nm with a slightly turbid appearance and a 276 
narrow distribution (PDI=0.2). With increasing AG concentration (up to 0.7%), the particles 277 
remained still relatively small (< 200nm), whereas at higher concentrations a significant (P< 0.05) 278 
increase in particle size was observed (Figure 1-a), indicating that more AG molecules were 279 
adsorbed onto the shellac surface. The interaction between shellac and AG was assumed to be due to 280 
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hydrogen bonding by the presence of carboxyl and hydroxyl groups within the chemical structure of 281 
shellac leading to a non-covalent interaction with hydrophilic polymers (Patel, et al., 2011; Patel, 282 
Heussen, et al., 2012; Patel, et al., 2013; Qussi & Suess, 2006; C. Yang, et al., 2017).  283 
On the other hand, when the AG concentration went up to 2.5%, the formed NPs were considerably 284 
larger (1.3µm) with a greatly increased PDI of 0.8. This effect can be attributed to the greater AG 285 
concentration that could potentially provide a higher viscosity resulting in the hampering of diffusion 286 
between solvent and antisolvent and thereby larger particles with greater PDI due to the 287 
agglomeration may be formed (Joye, et al., 2013; Kakran, Sahoo, Tan, et al., 2012). Another 288 
explanation that may put forward is bridging flocculation between the AG molecules and several 289 
shellac particles leading to the larger particle size (Hu & McClements, 2015).  290 
The ζ-potential of bare shellac particles was about -26mV. Whereas a steep increase was observed 291 
when the AG concentration increased to 0.7% (-36mV), it then levelled off at this value at higher AG 292 
concentrations (Figure 1-b). Apparently, providing more AG molecules in the antisolvent solution 293 
than the critical 0.7% concentration, had no considerable effect on the ζ-potential values. This is an 294 
indication that most likely below 0.7% AG, the shellac particles were not fully covered and as the 295 
concentration rose, more AG molecules were deposited onto the shellac particle surfaces until the 296 
surface was saturated. This phenomenon was also previously reported by Patel, et al. (2011): when 297 
the Xanthan gum concentration increased, the surface charge of the particles was consequently raised 298 
to higher negative values as xanthan gum is a negatively charged polysaccharide. 299 
According to the classical nucleation theory, a higher concentration of solute leads to a greater 300 
supersaturation that theoretically causes a lower Gibbs free energy (Equation 2), which promotes the 301 
formation of smaller particles. So, the solute concentration could play a significant role in particle 302 
size and distribution. Thus, the influence of shellac content also in the initial mixture was studied. 303 
For instance, at lower shellac concentration (0.5%) as the core material, the NPs had a relatively 304 
smaller particle size as compared to higher concentrations (4%), which accordingly increased from 305 
137nm to 272nm (data not shown). This effect may be attributed to different reasons. First of all, 306 
higher shellac concentrations led to a higher supersaturation that may consequently accelerate the 307 
aggregation of particles due to the higher collision frequency (Ebert, Koo, Weiss, & McClements, 308 
2017; Kakran, Sahoo, Tan, et al., 2012). Moreover, increasing the solution viscosity due to the 309 
greater shellac content may hinder the ethanol diffusion between antisolvent and solution leading to 310 
the prevention of good mixing of solvent and antisolvent and ultimately resulting in larger particles 311 
(Ebert, et al., 2017). Finally, this increase in particle size might also be explained by the fact that at 312 
higher core concentration there was insufficient AG to fully cover all the particles and thereby 313 
aggregation of the created nuclei might occur. Nevertheless, only a small variation in particle 314 
diameter was interestingly observed when the concentration increased from 2 to 3% meaning that 315 
most probably the critical concentration for shellac was in this range. 316 
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3.2. Effect of solvent to antisolvent ratio 317 
Several studies indicated that the ratio of solvent to antisolvent has a major effect on the particle size 318 
(Kakran, Sahoo, Li, & Judeh, 2012; J.-Y. Zhang, et al., 2006; Z.-B. Zhang, et al., 2009). Thus, the 319 
influence of varying the solvent to antisolvent ratio (2:1 to 1:20) on the particle diameter was 320 
explored. Shellac NPs were highly susceptible to aggregation at high SAS ratio (2:1), which could be 321 
due to the relatively low amount of antisolvent leading to a smaller nucleation rate and hence very 322 
large particles were formed. Moreover, a pronounced change in solvent quality occurs during 323 
evaporation at high solvent to antisolvent ratio. Conversely, by decreasing the SAS ratio to only 1:2 a 324 
dramatic reduction (P< 0.05) in the particle size was observed. Our results clearly suggested that as 325 
the SAS ratio decreased, the particles became smaller from 1013nm at the ratio of 1:1 to around 326 
198nm at SAS ratio of 1:2 (Figure 2). This effect can be explained by the fact that in the presence of 327 
higher antisolvent amounts the supersaturation was increased instantaneously as the solvent 328 
concentration decreased. In other words, a greater amount of antisolvent led to a quicker nucleation 329 
rate and hence smaller NPs (Kakran, Sahoo, Tan, et al., 2012). Moreover, when the nuclei are 330 
created, the diffusion distance would increase due to the greater amount of antisolvent leading to a 331 
diffusion limited process (Cao, et al., 2011). Interestingly, a further decrease of SAS ratio from 1:3 to 332 
1:20 showed only little influence on the particle diameter, indicating that presumably at this ratio the 333 
critical saturation concentration has been reached and more antisolvent was not capable anymore to 334 
considerably speed-up the formation of smaller particles (Cao, et al., 2011; Joye, et al., 2013). 335 
3.3. Influence of surfactant addition 336 
In order to study the influence of surfactant type and concentration on the particle size distribution of 337 
the formed NPs, three different surfactants in various concentrations (0.01-0.1%) were utilized: 338 
Polysorbate 80 (PS 80) as a biodegradable and commonly used non-ionic surfactant (Sedaghat 339 
Doost, Sinnaeve, De Neve, & Van der Meeren, 2017), sucrose monopalmitate (SMP) as a non-340 
petroleum based surfactant with high biodegradability, which was previously reported to increase the 341 
absorption of quercetin (Murota & Terao, 2003), and Quillaja Saponin (QS) as a natural surfactant. 342 
The results given in Figure 3 suggested that at higher concentrations of PS 80 and QS, smaller 343 
particle sizes were created, whereas increasing in SMP concentration showed no considerable 344 
particle size changes. For instance, at a PS 80 level of 0.1%, the particle size decreased to 92nm 345 
while at the same concentration, QS created relatively larger particles (127nm). This decrease in 346 
particle size with increasing surfactant concentration could be explained by an interfacial tension 347 
reduction at the solid liquid interface induced by surfactant molecules leading to a higher nucleation 348 
rate and thereby formation of smaller particles (Cao, et al., 2011). Another possible explanation that 349 
may be put forward is that the adsorption of the surfactant molecules onto the surface of the nuclei 350 
during the nucleation enables the NPs to avoid growth by steric repulsion and hence smaller NPs can 351 
be formed (Hu & McClements, 2015; Seo, et al., 2015). Additionally, the results shown in Figure 3 352 
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suggested that SMP and QS were less efficient than PS 80 in the formation of smaller NPs at higher 353 
concentrations. Increasing the PS 80 concentration, however, showed a progressive decrease in size 354 
of the particles. This effect has been previously reported in several studies (Cho, et al., 2010; Zu, et 355 
al., 2014). Schubert and Müller-Goymann (2005), for instance, observed no decrease in particle 356 
diameter when lecithin was utilized as surfactant to stabilize NPs after a certain amount of surfactant, 357 
whereas with increasing the concentration of the studied non-ionic surfactants, the particle diameter 358 
was drastically decreased.  359 
3.4. Stability at acidic pH (1.2) 360 
Previous research showed that the ingestion and absorption of flavonoids (Phytonutrients) as 361 
bioactive compounds started potentially in the small intestines and followed in the colon (Déprez, et 362 
al., 2000; Marin, Miguelz, Villar, & Lombo, 2015). Consequently, it is desired to formulate NPs that 363 
retain their major physiochemical stability against stomach acidic conditions. The influence of pH 364 
1.2 on the visual appearance as well as the diameter of the fabricated NPs was evaluated. The NP 365 
colloidal dispersion at pH 1.2 showed clearly aggregation and phase separation below 0.7% of AG 366 
concentrations (Figure 4). This effect can be attributed to the fact that in the presence of 0.7% AG, 367 
the shellac particles can be utterly covered, which was implicitly confirmed by the zeta-potential 368 
results showing a constant value after reaching this critical AG concentration (0.7%).  369 
We then attempted to formulate NPs with lower AG content compensated with surfactant addition 370 
and relatively greater stability. Indeed, whereas the bare NPs exhibited severe aggregation, addition 371 
of PS 80 or QS at a level of at least 0.05% was sufficient to prevent aggregation (data not shown). 372 
However, SMP containing NP suspensions were greatly susceptible to aggregation at very low pH. 373 
We, therefore, did not use SMP for the subsequent analyses (data not shown).  374 
Besides visual observations, particle size analyses of the colloidal dispersions at pH 1.2 was also 375 
performed (Figure 5). According to visual observations, it seemed that the studied samples at pH 1.2 376 
were still visually dispersed. However, the particles in the absence of the surfactants presented an 377 
increase in particle diameter from 197 to 650nm (P < 0.05). By contrast, incorporation of 0.1% of 378 
either PS 80 or QS was sufficient to inhibit completely (P<0.05) the particle size increase, indicating 379 
that the combination of electrostatic and steric repulsion was responsible for the stability of the 380 
particles. In terms of the colloidal dispersion containing no surfactant, as the pH decreased, the 381 
negative charges present within the chemical structure of AG were screened and the AG was less 382 
capable to induce a powerful electrostatic repulsion against aggregation. Nevertheless, the presence 383 
of surfactant within the shell layer deposited onto the surface may have been sufficient to facilitate 384 
the steric stabilization at the very low pH conditions and hence no increase in particle size was 385 
observed. Indeed, the negatively charged groups of QS were roughly nullified and steric repulsion 386 
was the prominent effect for the higher stability (Dalvi, et al., 2009; Sedaghat Doost, Dewettinck, 387 
Devlieghere, & Van der Meeren, 2018; Y. Yang, Leser, Sher, & McClements, 2013).  388 
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3.5. Particle yield and EE 389 
The nanoparticle yield obtained from mass differences revealed that the yield of biopolymer NPs in 390 
the absence of surfactant was approximately 88% indicating that most of the added shellac was able 391 
to form NPs. This was increased to 95% when PS 80 or QS were added to the system indicating that 392 
lowering the interfacial tension between the hydrophobic core and antisolvent promoted the 393 
formation of more particles (Joye, et al., 2013; Podaralla & Perumal, 2012; Rossi, Seijen ten Hoorn, 394 
Melnikov, & Velikov, 2010).  395 
A parameter known as encapsulation efficiency can intimately state the efficiency of a delivery 396 
system for encapsulation of the desired compound. In fact, it has been shown that the presence of a 397 
higher amount of the functional compound within the particles may improve the release procedure of 398 
the entrapped material along the colon and hence facilitate better delivery (Déprez, et al., 2000; 399 
Vashisth, Singh, & Pruthi, 2015). The EE of the biopolymer combination NPs without surfactant was 400 
around 78% and no considerable improvement was observed when the concentration of quercetin 401 
was increased to 0.05% (Figure 6). Nevertheless, the EE value for the NPs containing PS 80 and QS 402 
in the presence of 0.01% quercetin was 91 and 87%, respectively, which greatly went up to 99% at 403 
0.05% of quercetin.  404 
This improved encapsulation efficiency upon surfactant addition can be related to two facts: firstly, 405 
the higher solubilization of quercetin molecules due to the presence of surfactants and secondly, the 406 
formation of smaller particles leading to an increase in saturation solubility (Hao, et al., 2015). The 407 
lower EE values of colloidal dispersions with no surfactant may also have been at least partially 408 
related to the lower particle yield as encapsulation of quercetin within larger particles was not 409 
efficient.  410 
Overall, it can be concluded that quercetin loaded NPs with high encapsulation efficiency and small 411 
particle diameter could be fabricated, which was especially true when adding small amounts of low 412 
molecular weight surfactants, such as PS 80.      413 
3.6. Morphology 414 
Due to the very small size of the NPS, it was hard to observe single NPs clearly (Figure 7). However, 415 
we observed that the majority of the NPs had a spherical shape with a uniform size in agreement with 416 
the particle size analyses using DLS. On the other hand, irregularities in the form and roughness on 417 
the surface of the particles may be due to the fact that AG molecules were adsorbed on the surface of 418 
the shellac particles. The aggregation of the particles could be explained by the fact that the sample 419 
was lyophilized before analyses and then redispersed with a very low amount of water. So, the AG 420 
molecules may have not been well rehydrated to prevent aggregation (Joye, et al., 2015). 421 
3.7. DSC analyses 422 
DSC experiments were performed to study the possible interaction of quercetin within the formed 423 
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NPs. The results are shown in Figure 8. The pure quercetin thermogram presented a sharp peak at 424 
320°C, which was due to the melting of quercetin crystals (Sahoo, et al., 2011). Peaks around 120°C 425 
were observed in the thermogram profiles of quercetin as well as pure AG and a physical mixture 426 
which was mainly due to the dehydration of the samples (Hu, Huang, et al., 2015). Our results were 427 
in good accordance with the results previously reported by Natarajan, Krithica, Madhan, and Sehgal 428 
(2010). In the physical mixture profile, the small peak around 60°C was caused by the melting of 429 
shellac which was in agreement with the pure shellac thermogram, while a smooth exothermic peak 430 
around 230°C suggested that crystallization of AG occurred. A very small sharp peak indicated at 431 
higher magnification around 320°C was also observed, which corresponds to the crystalline form of 432 
quercetin present in the physical mixture. The lower heat flow peak as compared to the pure form is 433 
related to the fact that in the physical mixture there was only a small amount of quercetin (but similar 434 
to the concentration present in the dried NPs, i.e. about 4% based on dry weight). Figure 8 indicates 435 
that there is no endothermic peak (no peak melting point) at 320°C when quercetin was incorporated 436 
within the formed NPs, which is an indication that quercetin was mixed well with the shellac as the 437 
core material within the created NPs and most likely quercetin existed in an amorphous form as a 438 
solid solution, instead of in crystalline form (Patel, Heussen, et al., 2012; Wu, et al., 2008; Y. Zhang, 439 
Yang, Tang, Hu, & Zou, 2007). In fact, the formation of quercetin in amorphous form would lead to 440 
more solubility at intestinal pH conditions and thereby increased bioavailability (Gilley, Arca, 441 
Nichols, Edgar, & Neilson, 2016). 442 
3.8. FT-IR spectroscopy 443 
FTIR measurements were performed to better understand the nature of the interactions between 444 
shellac as the core material and quercetin within the NPs. The recorded spectra are presented in 445 
Figure 9. In the quercetin spectrum, peaks around 1100 to 1600cm-1 belong to the aromatic ring of 446 
quercetin bending and stretching while –OH phenolic bending and –CO stretching were observed at 447 
1200 to 1400 and 1664 cm-1, respectively (Kumari, Yadav, Pakade, Singh, & Yadav, 2010). The 448 
observed broad peak at 3450cm-1 represented the OH stretching. The recorded spectrum of quercetin 449 
loaded NPs contained characteristic peaks of AG alcoholic group stretching at around 1000cm-1 450 
(Rezaei, Nasirpour, et al., 2016) and shellac C-H stretching at 2860 to 2930cm-1 (Khairuddin, et al., 451 
2016). In this spectrum, the peak intensity of pure quercetin around 1500 cm-1, assigned to the 452 
aromatic ring, was clearly reduced in the quercetin fortified NPs spectrum, which is an indication 453 
that most probably an interaction between quercetin and shellac molecules occurred. Our results are 454 
consistent with the results obtained in other studies (Gonçalves, et al., 2015; Patel, Heussen, et al., 455 
2012; Thanh Nguyen & Goycoolea, 2017). For instance, FTIR analyses performed by Gonçalves, et 456 
al. (2015) exhibited a noticeable reduction in the peak intensity of the quercetin loaded particles 457 
around 1500cm-1. These results were also in good agreement with the DSC analyses, which indicated 458 
that quercetin molecules were encapsulated successfully within the NPs through the interaction with 459 
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shellac with the conversion from a crystalline form to an amorphous solid solution.  460 
3.9. Influence of thermal processing and long-term stability 461 
As most of the food products can potentially be exposed to heating during processing, transfer, or on 462 
the shelves, the thermal resistance of the quercetin loaded (0.05%) NPs was investigated at 90°C. 463 
Visual appearance and particle size variation of the samples with or with no surfactants (PS 80 or QS 464 
at 0.1%) were monitored.  465 
There was no evidence of changes in the visual appearance of the three selected samples (data not 466 
shown). The particle size analyses indicated that there was a significant increase in the size of the 467 
colloidal system with only AG after heat treatment from 197 to 310nm (Figure 10). On the other 468 
hand, the NPs with PS 80 in their composition had no considerable particle size changes meaning 469 
that incorporation of PS 80 had a significant effect not only on the particle size distribution but also 470 
on their thermal stability. However, QS showed a different behavior as compared to PS 80 and the 471 
initial particle size (116nm) increased significantly (P < 0.05) to 202nm as observed in Figure 10. 472 
Indeed, the collision frequency will be increased upon heating, which can potentially enhance the 473 
risk of aggregation. Apparently coverage of the particles solely with AG was not sufficient to protect 474 
the NPs from aggregation during heat treatment (Joye, et al., 2015). The fact that the NPs with PS 80 475 
in the formulation had a higher stability as compared to the NPs containing QS may be explained by 476 
the more hydrated head groups of the PS 80 as compared to QS (Dalvi, et al., 2009; Y. Yang, et al., 477 
2013). 478 
The long-term stability of the NPs in terms of particle size changes was studied. Particles with no 479 
surfactant had an initial particle size of 198nm but they became dramatically (P < 0.05) larger 480 
(685nm) after four days of storage with a high PDI and bimodal distribution (Figure 11). Ultimately, 481 
precipitation of the particles was observed. On the other hand, our results indicated that there was no 482 
increase in particle size when PS 80 was employed as the surfactant upon prolonged storage (21 483 
days) at ambient temperature, whereas a considerable change (P < 0.05) in particle diameter after 12 484 
days of storage was observed if QS was used for fabrication of these NPs. Overall, our results 485 
showed that the electrostatic forces provided by AG molecules were not sufficient to avoid the 486 
aggregation of droplets. Steric repulsion induced with surfactant molecules could synergistically 487 
improve the stability of the formulated NPs (Dalvi, et al., 2009; Hu & McClements, 2015; Podaralla, 488 
et al., 2012). This behavior was previously reported in another study by Hu and McClements (2015), 489 
where addition of PS 80 led to stable zein-alginate NPs due to the induced steric hindrance and 490 
consequent inhibition of particle growth and aggregation.   491 
4. Conclusions 492 
AG-shellac NPs were successfully fabricated using a straightforward and energy efficient antisolvent 493 
liquid precipitation method. The particles at a relatively low concentration of AG (≤0.7%) had a 494 
smaller particle size with lower PDI, whereas these values increased significantly when the 495 
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concentration of AG reached 2.5%. Incorporation of surfactants enabled to form smaller NPs at 496 
lower AG concentration while remaining stable at very low pH conditions. In terms of the creation of 497 
smaller particles with more stability, QS as well as SMP were less efficient than PS 80. The 498 
encapsulation efficiency of the formulated NPs increased from 78% to 98% with addition of the 499 
surfactants. Morphologic analyses revealed the formation of biopolymer NPs, while DSC and FTIR 500 
analyses confirmed the inclusion of quercetin as a solid solution within the NPs. AG-shellac NPs had 501 
a relatively lower stability to thermal processing and pH 1.2. On the other hand, the formulations 502 
containing PS 80 were greatly resistant to these conditions. NPs formed with PS 80 also presented a 503 
superior storage stability, whereas AG and the colloidal dispersion containing QS showed an 504 
increase in particle size after two days of storage. This study provides information about the 505 
formulation of edible NPs as a delivery system for bioactive compounds that could be potentially 506 
used in different products including foods and pharmaceuticals. Further research is in progress in our 507 
group to investigate the functionalities and in-vitro properties of the formulated NPs as well as the 508 
combination of AG with other biopolymers for encapsulation of various compounds.  509 
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a)                                                                                      b) 712 
 713 
Figure 1. Particle size (a) and zeta-potential (b) changes of bare shellac nanoparticles as a function of almond gum 714 
concentration (0-2.5%w/v). 715 
 716 
 717 
Figure 2.Effect of solvent to antisolvent ratio on particle size variation of shellac-almond gum NPs. 718 
 719 
 720 
Figure 3. Influence of surfactant type (Quillaja Saponin (  ), sucrose monopalmitate (   ), and Polysorbate 80 (   )) and 721 
concentration (0.0-0.1%w/v) on the particle diameter of a dispersion of mixed biopolymer NPs containing 0.67% shellac 722 
and 0.5% AG. 723 
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 724 
 725 
Figure 4. Influence of almond gum concentration (0-2.5%w/v) on visual appearance of the NPs at acidic pH (1.2). 726 
 727 
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 731 
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 733 
 734 
 735 
 736 
 737 
 738 
 739 
 740 
Figure 5. Particle size variation of the NPs without or with surfactant (0.1%) at acidic pH (1.2) at 20°C (b). Mean with the 741 
same lowercase letter do not differ significantly (p < 0.05). 742 
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 745 
Figure 6. Encapsulation efficiency of the NPs containing 0.7% AG (   ) and the colloidal systems containing 0.5% AG and 746 
0.1% of either PS 80 (   ) or QS (  ) with variable amounts of quercetin (0.01-0.05%). 747 
 748 
 749 
Figure 7. Cryo-SEM photographs of quercetin loaded NPs at two different magnifications ×15000 (1) and ×50000 (2). 750 
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 755 
Figure 8. Comparison of DSC thermograms of pure compoundns (shellac, quercetin, and almond gum) as well as their 756 
physical mixture, blank nanoparticles, and quercetin loaded nanoparticles. 757 
 758 
 759 
Figure 9.FTIR spectra of pure quercetin (A), physical mixture (B), and quercetin loaded NPs (C). 760 
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 776 
 777 
Figure 10. Particle size variation of quercetin loaded (0.05%) almond gum-shellac NPs with (polysorbate 80 (PS 80) or 778 
quillaja saponin (QS)) or without surfactant after thermal processing. Mean values with the different lowercase differs 779 
significantly (p < 0.05). 780 
 781 
 782 
 783 
Figure 11. Particle size variation of quercetin loaded (0.05%) almond gum-shellac NPs with (polysorbate  80 (PS 80) or 784 
quillaja saponin (QS)) or without surfactant during long-term storage in a dark place at 20°C.  785 
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Highlights 
• Core-shell nanoparticles were fabricated using antisolvent precipitation. 
• Almond gum as a novel hydrocolloid was used to create complex nanoparticles. 
• Surfactant addition led to smaller particles with higher encapsulation efficiency. 
• Quercetin bioactive compound was encapsulated within targeted delivery system. 
• FTIR and DSC results proved encapsulation of quercetin in an amorphous form. 
